The impact of a single liquid drop on a flowing liquid film is experimentally and theoretically studied. The drop impact produces a crownlike rising liquid sheet, which radially expands. Small droplets can be formed from the crown sheet, resulting in splash. The present study results in three major contributions. (1) A theoretical model is developed to predict the expansion of the crown base. The model with an introduced energy loss factor is shown to be in satisfactory agreement with our experimental observations of drop impact on both stationary and flowing films. The energy loss factor is correlated to the properties of the film and drop. (2) Analysis is conducted to derive an equation for evaluating the stretching rate of the rising crown sheet, which is the local gradient of the rising velocity at the top edge of the crown sheet. It shows that the highest stretching rate appears where the drop spreading flow is right opposite to the film flow, which helps explain why the same location is most probable for splash to take place. (3) A parameter as a function of modified Weber and Reynolds numbers is defined to predict splash and nonsplash of drop impact on flowing films. The two nondimensional numbers evaluate the competition of the two flows (drop and film) against viscosity and surface tension effects. A threshold value of the parameter is found for the occurrence of splash impact on flowing films.
I. INTRODUCTION
Drop impact has been an important research topic due to its pertinence to many emerging applications such as inkjet printing, painting, microfabrication, spray cooling, and electronic packaging. Impact phenomena vary with surface conditions. Figure 1 shows single drops with the same velocity U 0 = 1.85 m/s and diameter D 0 = 3.2 mm, impacting three surfaces: a smooth dry surface of silicon wafer, a stationary liquid film with thickness h f = 1.2 mm, and a flowing liquid film with thickness h f = 0.209 mm and mean velocity U f = 1.04 m/s. On the dry surface as shown by Fig. 1(a) , the drop spreads, recoils, and eventually forms a sessile drop on the surface. On the stationary film as shown by Fig. 1(b) , the drop impact produces an axisymmetric rising liquid sheet, which is referred to as the crown. The crown expands radially, and its height changes. On the flowing liquid film as shown by Fig. 1(c) , a rising liquid sheet is formed where the drop spreading direction is opposite to the film flow, hereby forming a nonaxisymmetric crown. The crown sheet looks thinner than the sheet formed on the stationary film. Additionally, small droplets are formed, and the phenomenon is referred to as splash.
Splash with a crown sheet can also occur for drop impact on the stationary film, if the test condition of Fig. 1(b) changes. The splash shown in Fig. 1(c) is categorized as crown splash, as the droplet resulted from the breakup at the top of the crown sheet due to capillary instability. It has been observed by Zhang et al. [1] that even smaller droplets originated from the breakup of the ejecta sheet and emerging lamella of the film, and this type of splash is referred to as microdroplet splash. These two types of splashes were summarized by Deegan et al. [2] . The present study mainly focuses on crown splash.
Crown splash is affected by the flow within the crown base. A few theoretical studies focus on the spreading and splash of a * Corresponding author: sunny.li@ubc.ca drop impacting on liquid films. The studies by Yarin and Weiss [3] and Roisman and Tropea [4] are significant. Yarin and Weiss [3] developed a quasi-one-dimensional model, which predicts the existence of kinematic discontinuity in the velocity and film thickness distributions. The discontinuity corresponds to the emergence of an uprising liquid sheet, which is viewed as a crown. Roisman and Tropea [4] generalized Yarin and Weiss's theory for the case of arbitrary velocity vectors in the liquid films both inside and outside the crown. The theory was developed for drop impact on both stationary and flowing liquid films. Yarin and Weiss [3] experimentally found that the distance of the crown rim from the impact center can be expressed as a function of the nondimensional spreading time. However, two empirical parameters existing in their model were not clearly defined. Using a well-designed experimental setup, Cossali et al. [5] observed the impact process from both the side of and underneath the transparent substrate. They also investigated the two empirical parameters in Yarin and Weiss's model by considering the influence of film thickness and drop impact velocity.
A further study by Roisman et al. [6] discussed the splash mechanism based on bending rim instability, which is caused by the inertia of the liquid entering the rim from the free liquid sheet. It was also demonstrated that the stretching of the liquid sheet normal to the rim could significantly influence the rim instability [7] . Krechetnikov and Homsy [8] proposed a Richtmyer-Meshkov instability to describe the instability mechanism of drop splash, associated with an impulsive acceleration of the interface. Recently, Zhang et al. [9] showed that the generation of droplets is due to the Rayleigh-Plateau instability of the rim at the top of the liquid sheets. The underlying instability mechanism for splash is still an open question from the theoretical perspective.
Numerical simulation is another approach to investigate the drop impact. Bussmann et al. [10, 11] developed a threedimensional volume tracking model to numerically study the impact of liquid drops on solid surfaces. The numerical results provide details related to both spreading and splash behaviors. Most numerical studies focus on drop impact on dry surfaces. Recently, numerical simulation has also been used for validating the theoretical splash and crown formation models for drops impacting thin liquid films [12] [13] [14] [15] . Howison et al. [14] numerically and theoretically investigated the initial stages of the drop impact on a stationary shallow water layer with focus on the spray jet generated during the impact. It was revealed there is a finite time taken for the spray jet to form. Shetabivash et al. [15] demonstrated the effects of gas density and viscosity on the spreading and splash of drops impacting liquid films.
Drop impact may or may not result in splash. Finding the threshold condition for splash impact has been the focus of a few experimental studies. Cossali et al. [16] tested drops of various mixtures of water and glycerol impacting a thin liquid film, and proposed an empirical parameter for predicting the occurrence of splash impact. In the present work, this parameter is referred to as the threshold parameter, denoted by K. The threshold parameter of Cossali et al. [16] , expressed as a function of Reynolds number Re = U 0 D 0 /υ and Weber number We = ρU
Here υ, ρ, and σ are the kinematic viscosity, density, and surface tension of the drop liquid. For thick films, Cossali et al. [16] and Rioboo et al. [17] found a critical value of the threshold parameter, i.e., K c = 2100, above which splash impact occurs. Vander Wal et al. [18] used 12 fluids for drop impact on both dry surfaces and liquid films, with a wide range of fluid properties and impact conditions. Based on the experimental observations, the threshold parameter was proposed to be We 0. [19] demonstrated that high viscosity promotes splash on dry surfaces, whereas it inhibits splash on thin fluid films.
Other surface conditions were also investigated for their effects on splash impact. Surface roughness and textures were demonstrated to influence the splash limit [20] [21] [22] [23] . For example, Sivakumar et al. [23] found that the texture pattern of the surface can cause splash to occur during drop impact. Drop impact on a moving dry surface was found to show different splash and nonsplash phenomena as compared to impact on stationary dry surfaces [24] . Recently, the property of the surrounding gas was also found to play an important role in the transition between splash impact and nonsplash impact [25] . Previous studies on splash threshold under different surface conditions are summarized in Table I . Notably, the surface conditions mainly include dry surfaces and stationary films. It is clear that, from previous studies, there is no conclusion on splash threshold that holds generally for all surface conditions. Despite a number of previous studies conducted on drop impact, limited research has been done for drop impact on liquid films, especially on flowing films. The following three aspects need to be addressed: (1) There is a lack of experimental validation for the analytical models of drop spreading on liquid films; (2) the understanding of the flow dynamics of the crown sheet in relation to splash is still limited; (3) there appears to be no threshold parameter of splash defined for drop impact on flowing films. The present work aims to address these three issues by theoretically and experimentally investigating drop spreading on stationary and flowing films, stretching of crown sheets formed from flowing films, and the splash mechanism on flowing films.
The main motivation of the present work is to understand the interaction of drops with flowing liquid films, which is common for flow configurations such as spray impingement on solid surfaces. Spray impingement is related to many applications such as painting and spray cooling. The liquid film formed by spray impingement is a radial flow. This is one major reason that, in our experimental study, jet impingement on a solid surface was used to produce a radially flowing liquid film. More discussion of the flowing film is in Sec. II.
II. EXPERIMENTAL METHODOLOGY
The test setup is schematically shown in Fig. 2(a) . The camera placed underneath was used when transparent glass substrates were used. A similar method has been used in previous studies [5, 9] to provide clear and accurate observation of drop spreading. The other camera views the impact process from the side, and provides impact velocity and sheet dynamics. The cameras were operated with a frame rate of 5000 frames per second (fps) and shutter speed 30 μs. Two light-emitting diode lamps served as illumination sources, and two diffusers were positioned in front of the lamps to produce uniform lighting.
Filtered water and glycerin-water solutions with varied concentrations were used as working fluids. The fluid properties are provided in Table II . For each test, the film fluid and the drop fluid are always the same. Drops were generated from stainless steel capillary tubes connected to a syringe pump. The plunger advanced very slowly to form a drop at the tip of the tube, which finally detached from the tube under its own weight. The drop diameter was changed by using tubes with different sizes, and for all the fluids the drop diameter varied from 2.6 to 4.6 mm. The height of the tube orifice above the test surface was adjusted to change the impact velocity, which ranged from 0.63 to 4.2 m/s. Two groups of tests were conducted in the present work: one group with stationary films, the other with flowing films. For the first group of tests, a drop lands at the center of a circular stationary liquid film. A transparent glass plate of 60 mm in diameter was placed on the top of a flat circular container with a glass bottom of 100 mm in diameter, as shown in Fig. 2(a) . The stationary film was generated by adding liquid into the container until liquid submersed the transparent glass. The film thickness was measured by using a height gauge and ranged from 300 to 2000 μm.
The second group of tests were carried out on flowing films formed by jet impinging on smooth circular plates [see Fig. 2 (b)] with 60 mm diameter. To have a smooth steady flow, the liquid jet was produced by supplying fluid from a pressurized tank. A large jet nozzle with radius a = 1.91 mm was used to avoid hydraulic jump on the surface. The volumetric flow rate of the jetV , ranging from 20 to 38 cm 3 /s, was measured by a flowmeter. Using jet impingement flow as the flowing film is due to the motivation of our study in relation to spray impingement. Another major reason is that it is easy to produce smooth and well-controlled flowing films. However, this methodology also has its own limitations which will be discussed below.
Depending on where the drop impacts the film, the local film thickness and fluid velocity need to be known. For the present work, Watson's theory [26] for the liquid film of jet impingement was used. The theory has been validated by Craik et al. [27] and is in good agreement with experimental results. The theoretical prediction for velocity profiles and film thickness was further validated by Azuma and Hoshino [28, 29] using laser-Doppler measurements. Watson's theory for the liquid film prior to hydraulic jump can be summarized as below. The distance from the stagnation point of the jet impingement is denoted by χ . The local film thickness is given by
The local mean velocity is
According to Eqs. (1) and (2), the local film thickness and mean velocity can be changed by varying the landing location χ and flow rateV .
As shown by Fig. 2(c) , the flow condition of the film is different around the circumference of the drop during impact. Hence, an azimuthal angle ϕ ∈ [0
• is where the drop flow is right opposite to the film flow, while the position ϕ = 0
• is where the drop flow is in the same direction as the film flow. Figure 2 (c) also indicates that, during impact, the center of the drop flow will move, and the circumferential edge of the drop will move too.
For the analysis in the present work, the local values of film thickness and velocity at the landing location were used as constants for the impact process. In our tests, drops were deposited at locations where χ/a 1. Equations (1) and (2) are plotted in Fig. 3 for water with three flow rates. Figure 3 shows that the film thickness remains relatively constant for χ >∼ 10 mm. As a result, the mean film velocity decreases almost linearly with the inverse of χ . Two common phenomena can be observed from the test shown in Fig. 1(c) and all other tests on flowing liquid films. First, a liquid sheet rises mainly from the upstream portion of the drop (∼ 90
• < ϕ <∼ 270 • ) where the drop flow is opposite to the film flow. Second, the rising liquid sheet remains at a relatively constant location χ during the impact process. Since the focus of our study is on the formation of the liquid sheet, the assumption of constant h f and U f is justifiable according to the experimental observations.
As shown by Fig. 2(c) , the film flow is in the radial direction, whereas the flow is assumed to be unidirectional in our analysis. Since drops are deposited at locations χ a, even at the end of the impact process considered in our analysis, the angle subtended by the spread drop with respect to the jet impingement point is less than 40
• [see Fig. 2(c) ], showing a maximum difference of 20°from unidirectional flow. This could cause discrepancy between the analysis and experiment at locations around ϕ ∼ 90
• and ϕ ∼ 270
• . But less effect is expected for the flow dynamics around ϕ ∼ 180
• . For simplicity of our analysis, unidirectional flow is assumed. The assumption is justified by the agreement of our analysis with experimental results. Fig. 4(a) ]. To simplify the complicated impact process, it is assumed that the drop quickly deforms to a disk of radius r i and thickness h f [see Fig. 4(b) ]. The time taken for the drop to deform to the disk is t i . For the drop volume to be conserved, it is required thatr
wherer i andh f have been nondimensionalized by the drop diameter D 0 . Starting fromr i , the drop disk continues to spread, and the spreading radius isr c . Hence, the initial condition for the spreading process isr
where the nondimensional timet = tU 0 /D 0 . A uniform velocity u i is assumed for the disk, which, normalized by 
If the deformation results in energy loss from the drop, λ < 1, and if there is no energy loss, λ = 1. Hence, λ is also referred to as the energy loss factor. The time taken to complete the deformation phase can be roughly estimated bȳ
The velocity distribution att =t i is shown in Fig. 4(b) , which is the initial state of the spreading phase. Atr =r i there is a step change of velocity from λ to 0. For the incompressible liquid layer, the discontinuity in the velocity distribution produces an outflowing thin liquid sheet along the discontinuity front, which serves as a sink for both mass and momentum. This thin liquid sheet is referred as the crown sheet, and the disk formed by the drop is the base of the crown. As illustrated in Fig. 4(c) , the spreading of the drop causes the kinematic discontinuity to propagate, which is viewed as the expansion of the crown. Now we observe the propagation from a laboratory frame of reference. During the spreading phase, the velocity and thickness of the drop disk atr c , denoted bȳ u t andh t , are decreasing. However, the thickness of the liquid film,h f , remains constant, and its velocity remains zero. Thus, the mass flow rate into the crown
wherer c = dr c /dt. The flow rateQ has been nondimensionalized by U 0 D 0 . Carried by the flow rateQ, flow momentum is also transferred from the drop disk to the crown. To determine the resultant velocity forQ, we consider the collision between a moving volumeh t with a velocityū t and a stationary volumeh f , which results in one combined volume (h t +h f ) moving at one single velocity. Hence the resultant velocity ish tūt /(h t +h f ). To satisfy momentum conservation, the momentum transfer of the discontinuity is
Here, surface tension and viscous forces are neglected. From Eqs. (7) and (8), we obtain
The initial velocity distribution (ū i forr i >r > 0, and zero forr >r i ) can be considered as a single-hump problem, for which the solution ofū t is given by Yarin and Weiss [3] and Whitham [30] 
Substituting Eq. (10) into Eq. (9) and then integrating Eq. (9), we haver
where C is a constant to be determined. The coefficient β is
where Eqs. (3) and (5) have been used.
The initial condition for Eq. (11) has been given by Eqs. (4) and (6) . The constant C can be obtained by applying the initial condition to Eq. (11) . Putting the obtained expression for C back into Eq. (11) gives
In the following discussion, Eq. (13) is referred to as the present model.
Similar to the constant C in Eq. (11), Roisman and Tropea (RT) [4] introduced a time shiftτ 0 in their theory, which takes the form ofr
The time shift can be determined by applying Eqs. (4) and (6), which results in
It should be noted that the expressions of β andτ 0 here are different from those in Roisman and Tropea's original theory, because their initial conditions are different from Eqs. (4) through (6) . Due to the modification, in the following discussion Eqs. (14) and (15) are referred to as the modified RT model.
To validate the above analysis for the drop impact on stationary films, a number of experiments have been conducted by varying the film thickness, drop diameter and impact velocity, and working fluid. The time evolution of the crown radius was measured using the images taken by the camera placed underneath. As an example, a series of images are presented in Fig. 5(a) showing the impact of a drop on a stationary film. The inner dark circle is the crown base, and its radius is taken as the crown radius. The outer circle is the top rim of the rising crown sheet. As observed from most of the tests, the fast expansion of the crown base and the quick rise of the crown sheet took place whent <∼ 3, which, therefore, was considered as the early stage of spreading for the following analysis.
The present model [Eq. (13)] and modified RT model [Eqs. (14) and (15)] are compared and applied to fit with one test in Fig. 6(a) . The method of least squares is used to determine the value of the energy loss factor, which is denoted by λ s for the drop impact on stationary films. The two models provide almost the same fitting with the experimental data, and the values of λ s are only slightly different. To show the significance of λ s , the present model Eq. (13) is also plotted in Fig. 6(a) for λ s = 1. It is clear that assuming no change of drop velocity (no energy loss) will cause overestimate of drop spreading.
Causes for λ s < 1 could include viscous dissipation, transformation of kinetic energy to surface energy, and transfer of kinetic energy from the drop flow to the film fluid. The effects of surface tension and viscosity are neglected in the above analysis for the spreading phase. Additionally, the analysis here focuses only on the early stage of the spreading phase. Thus, the value of λ s mainly reflects the energy loss of the drop during the deformation phase. To further investigate the energy loss factor, the present model was applied to all the tests to obtain the values of λ s . Figure 6(b) shows the fitting of the present model with three tests, which have the same drop condition but varied thicknesses of the stationary film. The three tests show that λ s decreases with increasing film thickness. Figure 6(b) shows the fitting of the present model with another three tests, which have the same film thickness h f but use three different working fluids. Therefore, the Reynolds and Weber numbers of the drop have been used to differentiate the tests. Clearly, the value of λ s varies with the fluid.
Major parameters involved in the drop impact on a stationary film include h f , μ, ρ, σ , D 0 , and U 0 . The six parameters contain three dimensions. Therefore, λ s is expected to correlate to three nondimensional parameters, which areh f , Re, and We. Applying a power law, we have the correlation 
Equation (16) increased surface tension increases λ s . However, as shown by their different exponents, the influences of Re and We are weak as compared to that ofh f . This indicates that the dominant cause of energy loss is the transfer of kinetic energy from the drop flow to the film fluid. This transfer of kinetic energy is significant during the deformation phase [see Fig. 4(b) ] when the drop needs to push the film fluid away in order to make space for itself. However, in the theoretical model illustrated by Fig. 4 , the film fluid surrounding the drop is assumed to remain stationary. It helps to understand the effect ofh f if we consider a small drop impacting a deep pool, which will result in complete loss of the drop's kinetic energy. Equation (13) combined with Eq. (16) can predict the crown expansion on stationary films during the early spreading stage. It should be noted that Eq. (16) does not satisfy the constraint 0 < λ s 1. Therefore, the correlation is not valid for the entire ranges of the nondimensional parameters.
B. On flowing films
Here we attempt to apply the models derived above to flowing films. Roisman and Tropea [4] derived an analytical solution ofr c for drops impacting a flowing liquid film with a uniform thicknessh f and a unidirectional velocitȳ U f = U f /U 0 . According to Roisman and Tropea's discussion, if a drop impacting a flowing film still remains circular during the deformation phase, during the spreading phase the base of the crown can be approximated as a growing circle, which moves downstream with the film flow. The spread radius can be approximated by the radius on a stationary film with the same thickness. Neglecting the initial displacement during the deformation phase, the center of the crown base is
However, the theory of Roisman and Tropea was not validated experimentally. The drop can maintain a circular shape during deformation only if the film flow has a small effect on the deformation of the drop. This is possible when the flow inertia of the drop is larger than that of the film flow, i.e.,h fŪf 1. For all the tests with flowing films in the present work, 0.05 <h fŪf < 0.18. Therefore, for the present work it is expected that the drop spreading on flowing films can be predicted by the analytical models for impact on stationary films.
To validate the above discussion, a number of tests of drop impact on flowing films have been carried out for varied fluids, drop diameters and impact velocities, and film thicknesses and velocities. The film flow was varied by changing the jet flow rate. High-speed images were processed to measure the crown radius r c and the displacement of the crown base center x c as shown by Fig. 5(b) . As an example, Fig. 5(b) presents a series of images showing the early stage of the spreading, which is the focus of the analysis here. The early stage is when the base still remains relatively circular, which, based on observation, ist <∼ 2.
The nondimensional displacement of the base centerx c = x c /D 0 is plotted in Fig. 8 in the form ofx c /Ū f versust. For the three tests,x c /Ū f ∼t, which indicates that the base center is moving downstream at a speed close to the film velocity during the early stage of spreading. This allows the crown base to remain circular during this early stage. Figure 9 shows the growth of the crown radius for three tests with varied jet flow rates of 50% glycerin-water solution, i.e., varied film thicknesses and velocities. In Fig. 9(a) , the present model and modified RT model are employed to fit with one test using the method of least squares. Here the energy loss factor for the drop impact on flowing films is denoted by λ f . The agreement of the models, particularly the present model, with the experimental data is satisfactory, indicating that the solution for the spread radius for stationary films is also applicable for flowing films withh fŪf 1. Figure 9 the same drop condition but varied film conditions. Clearly, the values of λ f are different, and less than unity.
The present model is applied to fit with all the flowingfilm tests. Here we attempt to correlate the energy loss factor with major nondimenisonal parameters. As compared to the drop impact on stationary films, the film flow velocity U f is another parameter affecting the drop impact on flowing films. As a result, there are seven parameters, and the number of dimensions is still 3. Hence, λ f needs to be correlated with four nondimensional parameters. In addition to Re, We, and h f ,Ū f is included. Carrying out power-law fitting, we have λ f = 0.53
Equation (18) and the results of λ f are presented in Fig. 10 . Comparison of Eqs. (16) and (18) shows that the relations of λ f to Re and We are similar to those of λ s . However, λ f shows significant dependencies on the velocity ratioŪ f and the size ratioh f . Similar to the discussion of Eq. (16), for drop impact on flowing films, the transfer of kinetic energy from the drop flow to the film flow is the major cause of energy loss for the drop during the deformation phase. Equation (13) combined with Eq. (18) can predict the crown expansion on flowing films at the early spreading stage. Similar to the correlation for λ s , the correlation for λ f does not satisfy the constraint 0 < λ f 1. Therefore, the correlation is not valid for the entire ranges of the nondimensional parameters. Figure 11 shows two single drops impacting a flowing liquid film. The impact of the drop with higher inertia (D 0 = 3.6 mm, U 0 = 2.17 m/s) produces a larger and thinner crown sheet, and small droplets are generated from the top rim of the crown. For the drop with lower inertia (D 0 = 3.2 mm, U 0 = 1.06 m/s), the formation of the crown is less significant, and there is no droplet generation. For both tests, the crown sheet mainly arises where the drop spreading is opposite to the film flow (around ϕ = 180
IV. STRETCHING RATE OF THE CROWN SHEET
• ). This is also the location where droplet generation is observed in Fig. 11(a) .
The small droplets are generated from the rim of the crown sheet, which is due to the instability of the sheet rim. Roisman et al. [7] indicated that the stretching of the crown sheet in a direction normal to the sheet rim is one of the major factors affecting the rim instability. In this section we will analyze the stretching of the crown sheet. As shown in Fig. 4 , the z coordinate is normal to the liquid film. The free surface of the flowing film is located at z = 0, and the rim of the crown sheet is located at z = l(t). To simplify our analysis, we will consider only the z component of stretching, and will focus on the local stretching at the crown sheet rim, which is
053005-8 HereS is a nondimensional stretching rate that has been normalized by U 0 /D 0 . Nondimensionalized by U 0 , the velocitȳ w is the velocity of the crown sheet in the z direction. Bothz andl have been nondimensionalized by D 0 .
Roisman and Tropea [4] obtained a solution for the local fluid velocity of the crown sheet at z = 0. The z component of the solution is chosen for our analysis. If we assume that the local thickness of the crown sheet is approximately equal to the thickness of the flowing liquid film, the velocity component can be written as
The analysis in the previous section has shown that the modified RT model works for drops impacting flowing liquid films. Therefore, the same modification will be applied to Eq. (20) by using Eqs. (6), (12) , and (15) as the expressions fort i , β, andτ 0 , respectively. We have replacedt with another time variableδ. Hereδ is associated with any fluid particle in the crown sheet, and is the time instant at which the fluid particle is ejected from the film surface. It is clear thatδ t i .
Assuming the rising liquid film to be a one-dimensional (1D) inviscid flow with constant pressure, the momentum equation reduces to
where Fr = U 2 0 /gD 0 is the Froude number, and g is the gravitational acceleration. If we track a fluid particle that appears atz = 0 at timet =δ with initial velocity given by 
Integrating Eq. (22) gives
It can be shown that the location of the particle at any timē t >δ isz (δ,t) =w 0 (t −δ) −
If the fluid particle being tracked is one in the top rim of the crown sheet,δ =t i . The location of the particle is the height of the sheet, which is
In view of Eqs. (23) through (25), we can rewrite the nondimensional stretching rate Eq. (19) as
First, we obtain the first differential on the right-hand side of Eq. (26) . Equation (23) can be considered as the temporal (t) and spatial (δ) distribution of velocity, as the location of each fluid particle depends on when it departs from the flowing film. Hence, from Eq. (23) we can get
where ∂t/∂δ = 0 has been used. Substituting Eq. (20) into Eq. (27) gives
The first term on the right-hand side, B, is
(29) As indicated by its expression, B is a characteristic acceleration due to the flow inertia of the crown sheet.
Now we obtain the second differential on the right-hand side of Eq. (26) . Equation (24) shows the location of all the fluid particles with variedδ at a given instantt. Hence, we can write
From Eq. (24), we can get
where the relation ∂w 0 /∂(t −δ) = −∂w 0 /∂(δ +τ 0 ) has been used. Putting Eq. (20) Substituting Eq. (28) and Eq. (32) into Eq. (26) gives
Since B is a function of the azimuthal angle ϕ, Eq. (33) gives the local stretching rate in the top end of the crown sheet as a function of time and azimuthal position. Equation (33) is plotted in Fig. 12 for a test of drops impacting a flowing film withŪ f = 1.623 andh f = 0.061. The value of λ f has been determined to be 0.79 based on a circular fitting of its spreading radiusr c . Three major trends can be observed. First, the stretching rate decreases over time. Second, the largest stretching rate appears at ϕ = 180
• where the crown spreading is right opposite to the flowing liquid film. Third, the stretching rate shows low sensitivity to the azimuthal angle ϕ, as the stretching changes slightly over a large portion of the circumference and decreases only close to ϕ = 0
• . The second and third trends qualitatively agree with the experimental observations shown in Figs. 1(c) and 11(a) .
The maximum stretching rate exists at ϕ = 180
• . At this azimuthal position,
Then the maximum stretching rateS(ϕ = 180 • ) can be obtained by substituting Eq. (34) into Eq. (33).
For a stationary film,Ū f = 0, Eq. (29) reduces to
where B s represents the characteristic acceleration of crown flow formed by a drop impacting a stationary film. We consider B s Fr 1, which means the initial acceleration of the crown sheet is much larger than gravitational acceleration. From Eq. (33), the stretching rate can be simplified as
V. SPLASH AND NONSPLASH IMPACT ON FLOWING FILM
Two types of splashes summarized by Deegan et al. [2] are microdroplet splash and crown splash. The microdroplet splash mainly results from the interaction of ejecta sheet and thin liquid film. The present work mainly focuses on the crown splash, which appears as secondary droplets generated from the rim breakup on the top of the crown sheet. Figure  11 has shown two types of phenomena as a result of drops impacting a flowing liquid film. One is splash impact, for which small droplets are generated from the top rim of the rising crown sheet. The other one is nonsplash impact, for which no small droplets are produced. Similar phenomena can also be observed from drop impact on dry surfaces and wetted surfaces, for which a few previous studies [6, 13, 16, 21, 24, 31] have used WeRe 1/2 as the threshold parameter for predicting the occurrence of the two phenomena. This expression of the threshold parameter can be qualitatively explained by the following. A flow rate ∼U 0 D 0 is forced through a thin liquid layer with thickness h l . The dynamic pressure of the flow in the layer is ∼ ρ(U 0 D 0 /h l ) 2 , and the static pressure is ∼σ /h l . At high Reynolds number, the thickness of the layer can scale as the thickness of the viscous boundary layer, i.e., h l ∼ D 0 Re −1/2 . Whether it is splash impact or nonsplash impact depends on the competition between the dynamic pressure and static pressure, and the ratio of the two pressures is WeRe 1/2 . Figure 11 also shows that splash or nonsplash impact simply depends on the local flow dynamics at ϕ = 180
• . According to the analysis in the previous section, ϕ = 180
• is where the stretching rate of the crown sheet is the highest (see Fig. 12 ). Hence, to predict the occurrence of splash, we need to evaluate the interaction between the drop flow and film flow only at ϕ = 180
• . Similar to the analysis in previous studies as discussed above, we define
Here the value of the threshold parameter K is a measure of local interaction of drop and film flows at ϕ = 180
• . A modified Weber number We m and a modified Reynolds number Re m are introduced. Taking both drop and film flows into account, the two modified nondimensional numbers are defined as
Substituting Eqs. (38) and (39) into Eq. (37) gives
A simple explanation of Eq. (40) can be given by the following. The value of K indicates whether or not the flow inertia can overcome surface tension and viscous effects, which in turn determines the occurrence of splash. The role of the film flow depends on both thickness and flow velocity. In the case there is no liquid film, Eq. (40) reduces to K = WeRe 1/2 , which is consistent with the previous study on a dry surface [21, 24] . A number of tests of the drop impact on flowing films were conducted with varied drop sizes, impact velocities, film thicknesses, film velocities, and fluids. Based on the experimental observations, the tests are categorized into two groups: splash and nonsplash. For each test, the value of K is calculated using Eq. (40). It is found that the splash group generally has large values of K, while the nonsplash group has low values of K. For both groups together, we consider the values of K within a range bounded by the minimum K value of the splash group and the maximum K value of the nonsplash group. The average of all the K values in this range is considered as a critical value K c . For the present work, it is found that K c = 3378.
All the tests of the drop impact on flowing films are shown in Fig. 13 
The line intercepts the vertical axis at K c = 3378. There is a splash region above the line where K > K c , while the nonsplash region is below the line where K < K c . If splash impact is preferred, the value of K can be increased by increasing We, Re,h f , orŪ f .
VI. CONCLUSIONS
The impact of drops on flowing liquid films was theoretically and experimentally studied. The focus of the work was put on drop spreading, stretching of the crown sheet in the rising direction, and prediction of splash impact. The study started with the drop impact on stationary films. The impact process was divided into two phases: a fast deformation phase followed by a spreading phase. Two models were developed for predicting the base radius of the crown during the spreading phase: a new model, and a modified model based on Roisman and Tropea's approach [4] . Satisfactory agreement was shown between the two models and our experimental observations of the drop impact on stationary films. Based on the assumption that on flowing film the drop remains circular while spreading, the two models could also be applied to flowing films.
The results showed that the nondimensional velocity of the drop flow right after deformation, i.e., the initial velocity of the spreading phase, was less than unity, which indicates the loss of kinetic energy during the deformation phase. The nondimensional initial velocity is referred to as the energy loss factor. Correlations of the energy loss factor were developed for the drop impact on both stationary films and flowing films. The correlations in combination with the analytical models can be used to predict the expansion of the crown base on stationary films and flowing films.
In previous studies, the stretching of the crown sheet was considered as a major factor affecting the instability of the crown sheet. The modifications introduced in the spreading model were combined with Roisman and Tropea's solution [4] of rising velocity from the kinematic discontinuity. Based on the modified solution, the local stretching rate at the top of the crown sheet in the rising direction was derived. The highest stretching rate was at the azimuthal location where the drop spread flow was directly opposite to the film flow. The threshold parameter for drops impacting flowing films was defined as a function of modified Weber and Reynolds numbers, and the two modified numbers took into account both drop and film flows. The threshold value for the occurrence of splash impact on flowing films was determined based on our experimental observations.
